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Abstract . The ability of Water Vapor ]tadiomcters  (WVlls)  to calibrate changes

in tropospheric delay Wcm dcrnonstratcd  during very long baseline radio  intcrfcromctcr

(VI,III)  observations at Goldstonc,  California. WVlt mcasurcmcnts  rcduccd tllc

observed V] LII delay variations over a 13 hr ]m-iod by a f,actor of = 2.5. W1]CII

a~)plicd  to shorter time scales, a x 500/0 rcc]uction in 100- 700 s delay variations was ‘

acl]icvccl  during conditions of }]igh tropospheric activity. ‘] ’hcrmal WVR noise prccludccl

calibration of short  time scale dc]ay fluctuations during quiet tropospheric conditio]]s.



]ntroduct)ion

‘1’lIc main objcctivc  c)f a Very
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iongj lhselinc  Int,crfcromchy  (VI)]]]) obscrvatiol~  of

a comlmct  natural raclio source or a IIOPIJIH tracking mcasurcmcnt  of a spat.ccraft, is to

cst,ilnatc the geometric delay  or delay rate, rcs~)cctivcly,  from whic}l the angular ~)osition

of tl]c source on the sky or tl)c radial  velocity of tl]c s~mcccraft  can bc accuratc]y

dctcrminccl. “1’hc geometric clclay/clclay  rate is the clclay/clclay  rate which woulcl  bC

mcasurccl  if perfect instrumentation clctectccl  sigl]als traveling through vacuum bctwccn

the sit;nal  source ancl the Earth. Raclio  scicncc  cxpcrimcnts  infer I)l]cIIomcIla of physical

illtclcst,  for example, the structure of a planetary atmosphere or cvidcncc for the passage

of a gravitational wave, by measuring perturbations to tllc geometric delay/clclay rate

alol~g a spacecraft tracking link. IIowcvcr, non-geometric effects w]lich corru~)t  the

7mcmLrcd clclay/clclay  rate must first bc rcmovccl froln the clata, either by ]nodcling ant]

cstinlaticm or by clircct  calibration. l’or mcasurcmcnts  that arc insensitive to tllc effects

of ionimd  media, such as lligll single frcclucncy (v ~ 20 Gllz)  IJopplcr or dual frcclucncy

VI,1 11, non-dispersive tropos~)heric  effects will dominate the media contribution to t}lc

signal. Although a mean tropospheric delay can bc estimated froxn the clata, stochastic

tropc)sphcric fluctuations shout the mean have substantial power over a wic}c range of

time scales [ lheuha~t  and ).anyi, 1987].

Mc~assurcmcnts  at 32 GIIz of the two-way phase bctwccn Earth ancl the Casini

sl)acx:craft  cluring its cruise to Saturn will bc usccl to scarcll for low frequency (10- 4 to

10--2 IIz) gravitational radiation. ‘1’hc sensitivity of the search will bc limitccl  by our

ability  to calibrate the trcq)osphcric  clclay  on the uplink and clown] ink siglla]s. IIccausc

most of tllc power in tro])os})hcric delay fluctuations at frcclucncics <0.01 IIz is Lclicvcd

to bc clue to fluctuations in water vapor density [Ilinder, 1970], efforts at calibrating

these wet delay fluctuations have focusccl on the usc of Water Vapor Radiomctcm

(WVIts)  [Elgered, 1993].

A short baseline VI,lll cxpcritncnt  isolates wet clclay  fluctuations bccausc  most
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delay errors  cancel or arc ncgligib]c  011 baselines s 200 km. The VI ,IJI delay residuals

(i. c., aflcr  subtraction of an accurate rnodcl)  will be dominated by unmoclclcd  delay

variations in tllc wet tro~)os])llcrc. A previous attcnnpt  to calibrate delay fluctuations

with WVl{s [Jjinjicld  et d, 1996]  was only marginally successful, due to quiet

tro~)osp}kcric  cc)nditions  and difficulties wit]] i]lstrumcntat,ion  at ollc radio antc~lna.

I lowcvcr,  t}lc  present expel  imcnt convincingly demonstrates the ability of current

gcllcration  WVILs to prccisdy  measure short time scale path delay fluctuations and to

lwovidc  a calibration which dramatically rcduccs the impact of unmoclclccl,  tropospheric

delay variations on VI,B1 observations.

Observations and Data Reduction

On ScI)t. 10 11, 1994 at GoMstonc, California, wc collcluctcd  dual frequency

(2.3 and 8.4 GIIz) VI,BI observations on the 21 km tmclinc  bctwccn two of NASA’s

I)cc]) Space Network (1 X3N) 34 m diameter antcnn~as: a new bcal n wavc~,uide  antenna

at 1>SS13 and a high cfflcicncy  antenna at 1)SS15. in order to rcducc tropospheric

sanl~)lil)g  diffcrcnccs duc to beam offset, WVILS [Jansscn 1985, Kcihm, 1991] were

positioned al)~)roximatcly  50 m from each I)SN antenna, the minimum separation that

still allowed a clear WVR. field of view. ‘1’hcsc s}iort basc]inc mcassurcmcnts  took p]acc

during a]] intcrcontincnta]  VI,lII  cxpcrimcnt.  Wc inhcritccl  a scl]cclulc optimized for

~~stronlctry,  including frequent low elevation ang]c mcasurcmcnts  clown to the VI, III

horizon at O == 6°. Ilccausc the WVlls had large conical beams of M 6--9° (11’WIIM)  a

WVlt horizon wm imposed at O =-- 30° to avoid ground pickup. q’hc WVlts do not track

sidcrcal]y a~ld were pointed at Lllc mean elevation and azinmtll  angles durins  each scan.

‘1’here were 175 scans, spanning 15 llOUYS. All sca]]s were 110-160 s long, cxccpt for

three lm]g scans that were H 2000 s in ]cngth. ‘J’hc long scans were sc}lcdulcd  at high

elevations angles O > 40° w}licll  assured that  WVR c~~)ointillg was possible. ‘1’hcy were

also tinlcd  to occur near source mcridia;l  transit, wl~ic,  h ]nillinlizcd  challgcs  in elevation
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angle during the scans. ‘1’hcse would introduce systmnatic  delay trends in the VI,III

data, duc to changing path length  through the Irlcan troposphcrco  This cxIJcrilncntal

setup was ncar]y idmlt,ical to that ill our ~nzvious  observations [l,in-field  et al., 1996].

Weather conditions were warm and clear.

F’ormattcd data streams from both  lEN a]ltcnnm  were cross-correlated in real

Lilnc. ‘J’hc corrclator  output was proccsscd with astromctric and geodetic data reduction

software. IJringc fitting estimated onc group dc]ay and phase delay rate for each scan,

for each of the two frequency bands, and a time series of intcrfcromctcr  residual ]hascs

with respect to the fitted model. Bright, sources were sclcctcd for the long scans so

that a prccisc residual phase could Lc cxtmctcd  every 2 s. A linear combination of the

obscrvaMcs from each frequency ba] d was formed; this removed the effect of charged

]mrticlcs in the ionosphere and intcr]danctary  ]nedium. ‘1’hc charged partic]c-free

grou]) dc]ays were used as input observablcs to a ]I]t]ltil)ara]]lctcr  estimation step wllicll

cxtractcd  II I(X1C1 parmnctcrs.  ‘J’l]c scan-to-scan residuals with respect to the model arc

cx])cctcd to bc dominated by unmodclccl  tropospheric fluctuations about  the average,

site-dif~crcnccc], zenith tropos])llcrc estimated from t}]c data.

W VIt output voltages were convcrtcd  to brightness tcmpcraturcs  using gains

estimated by the tip curve method. 1 lrightncss  tcmpcraturcs  were convcrtcd  to ])at}l

delays using linear rctricva}  cocfflcicnts  dctcrmillcd  from model calculations tmscd

o]] ra.dioson(]c  data. Although both WVlts were twcchanncl  instruments, all results

reported l]crc used only the lower noise, vapor- sensing channc] at 20.7 G] Iz, sufiicicnt,

under tllc clear conditions of our obscmatiolls.  A line-of-sight (1,0S) path clclay  was

CSLilllatCd  for each WVR every N 6 s. A Ilun]bcr  of scans were lost to data acquisition

failulcs  of either the VJ,131 or WVI{S. Scans were also rcjcctcd  if the WVIt brightness

tempera.turcs cxhihitcd  cvidcncc of ground picku]) or contamination from radio cmissioll

from the sun, or if the VIJII post-fit residuals were clear outllicrs  in the full cxpcrilncnt

solution. ‘J’llc full, valid data set col)sistcd  of 80 scans. When the WVRS were forcccl  to
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~Joint,  at llighcr clcvat,io~l  al@cs  (?W thmi the IX3N antennas, estimates of the 1,0S delays

were dctcrminccl by assuming that 1,OS pat}] delays 7-(0) were related to WVI{.-dcrivccl

Jmt,ll  delays Tw (Ow) by the lnapping  function 7 (0) = 71v (UJV) sin Ow/ sin 0. A subset  of

the valid data for which the WVIt and VI, III antcnllCl$ were co-pointed to witllill 10 at

botl~ ends of the baseline consisted of 30 scans. A more detailed description of tllc data

reduction can be found in [1.infick.l  et al., 1996].

Results and Discussion

‘1’hc time series of the site-diffcrcnccd (DSS13- DSS15) 1,0S delay residuals for

two long scans for the VIJII and WVIt clata arc shown in l’igurc 1. ‘1’hc VI,IU

delays 7 arc determined every two seconds from the measured interferometer residual

~)l]asc.  A linear trcncl has been subtracted from tllc VI,]]] data during frillgc fitting

[1.owc 1992], removing any clock-like effects. ‘J’o insure co~npatablc treatment of the

WVlt data, tl)e path delay time series of c.ach  WVlt has had an equivalent lillcar

]nodc] estimated and removed. This is inll)ortallt  because at a fixed elevation angle a

site- diffcrcncccl, tropospheric delay which varies linearly wit h time is indist inguishable

from a linearly-drifting clock. Because both  the time-tagging and the clata acquisition

duty cycles  arc difI’crcnt for cac}l WVR, the WVR residual delays have been linearly

il)terpolatcd  at six second intervals, coinciding with every third VI, III residual delay

delivered by the corrclator

Doth plots exhibit strong correlations between the VI,131 and WVIL time series

over tllc full ~ 2000 second  time scale, cspccial]y  scan 93 which head much larger delay

variations. Scan 20 occurred at 9 A.M. local time, before the clcvclo~)lncmt,  of large scale

cc)nvect ion in the lower troposphere. in contrast, sca~l 93 occurrcc] at 3 }‘. M. local time,

near the peak of large scale, turbulent convection.

‘J’l]c  rms of tllc delay variations in l“igurc 1 arc sull]marizcd  in ‘J’able 1, for the

VI, III and WVR data separately and for the diffcrcnced time series (not plottcci)
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A(t) : ~ V1,III (i) - WV R(t). Also .sllown arc estimates of the tropospheric volume

salnl}llng  error o~C~,,, (Ll]c cxpcctccl  rms delay diflcrcncc duc to WVR/VIJIII  antenna

bcalll  offset, WVIt/VI,llI antenna beam I]lislnatc}l and WVlt IIon-siclcrcal  tracking) and

A*, tllc!rl~lso  ftllc(l if Icrcllcc(l timcscric  saftcrsubtractiojl  c)fa~,e~,,,  in quadrature. ‘J’hc

method  dcscribcd  in [l~inficki  and Wilcox,  1993], scaled by stall-dcpcndcnt estimates of

tro})osl)llcric  activity [I,injield  et al., 1996],  was used to calculate cr~w,,,.

Por scan 20, the WVR time series had a nmc}l  larger rms than the VI,DI tilnc

series. Ilowcvcr, t]lcrmsof A(t) issmallcrthanthc  WVRrmsb y-3p sinquadraturc,

illdicatil]g that a 3 ps troposphere variation is common to tl]c VI,BI and WVR data, but

that  tllc WVlt instrumental noise is large compared to the troposphere for this scan. In

contrast, the WVR and VI131 time series for scan 93 showed comparable variation and

tl)c rms of A(t) is significantly lower than the rms of both t}lc VI ,111 and the WVR data,

i~n~)lying  that 11-12 ps (rms) of tropospheric delay fluctuations llavc been removed by

tl~c calibration al~d confirming that the site-diffcrcnccd delay residuals arc troposphere

dominated. Note that, A* is approximately the same for both scans, suggesting that the

lloisc floor for the VI. BI/WVR comparison tcchniquc  with current inst,rumcntation  is

~ 5-6 ps.

Figure 2 shows the Allan standard deviation of the delay u, (At) as a function of

time interval At for scan 93 for VI,BI,  WVR, and their difIcrcncc  A(t). ‘1’hc VI,B1

al]d WVIL data IIavc similar spectral sllapcs, cxccpt for time scales s 30 s, where

thcrl  nal noise, cllaractcrizcd  by the much stccpcr  slope of the data, dominates the

WV]{ spectrum. For thermal noise UT (At)  =. <3 iV/At,  wl)crc IV is the rms of tllc

lloisc-induced delay variations. From l“igurc 2, aT(10 s) w 7 x 10-13 s/s =. 7 x 10-12  s/AL’,

in)~)lying N ~ 4 ps, approximately the same as A* in “J’able 1. For time intcrva]s > 100 s,

tllc diffcrcnccd data show less power than either the VI,] 11 or WVR data separately,

wit]) the reduction being a factor of R 2 for time intervals longer than ~ 200 s. Also

sI1ow11  in Figure 2 is the estimate of UT (At) duc to tllc tropospheric vo)umc  sampling
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diffcrcnccs, dcscx-ibcd

longer  thin] w 200 s,

above, txtwccn  t}lc WVR and IISN antcntws.  For time intervals

the Allan deviation of A(t) is within a factor of = 2 of this

cxtililatcd error source.

l“igure  3 SI]OWS the scan-averaged, zenith  delay residuals of the VI,]]] and WVI{

data. ‘J”lIc 1,0S residuals T(O) have bcml ma~lpcd to zenith residuals T= to remove

variations due solely to elevation an?;le difIcrcnccs  between scans, using tile mapping

function Tz == T(U) sin 0. F’igurc 3(a) shows all 80 scans with valid data while Figure 3(b)

shows the 30 scan subset for which the WVRs were co-pointing with the I)SN antennas

to lx%tcr  than 10 at both ends of the baseline. ‘J’hc VI,liI  1,0S residuals were dctcrmillccl

with respect to an a prioTi  delay model [Sovcm and Jawbs, 1994] after the estimation

of three parameters from the data: a clock difference TCI, a clock rate T~l, and a mean

zenith troposphere diffcmncc  72. In order to com~)arc  the VI,I~I and WVR time series,

the 1.0S WVR data haci an ccluivalcnt  linear lnoclcl fittccl to ant] subtracted froln the

data.

A strong correlation between VJ,III and WVlt csti~natcs  of site-diffcrcmccd, residual

delays is evident in Figure 3, particularly for the c~pointing  data. Ilccausc a mean

zenith troposphere has been removed, the variations represent the effects of tropos~)}wric

fluctuations. The VI,llI/WVR correlation shows the ability of WVRs to provide a

calibration on time scales ranging from the few In inutcs bet wccn individual scans to

w 7 hours (Ilalf the expel  imcnt  duraticm;  fluctuations on longer time scales would bc

al)sorbcd by the fitting).

‘J’}Ic WVlt estimates of the 1,0S, site-difl’crenccd delay fluctuations can bc applied

directly as a calibration before parameter cstilnation. ‘J’hc ~)ost-fit rms delay residuals

arc tabu]atcd in ‘J’able 2 for different sets of estimated paratnctcrs,  both for the full

and co-pointing data sets. ltcsu]ts  arc given with and without the WVR calibration.

Application of the calibration causcc] a clramatic reduction in tllc VI,J31 residuals i~l all

CCMSCS.  ‘J’IIC calibration had the biggest impact when only TC1 and 7-Z were cstinmtcd,  .
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as would be cxpcctcd  if the cstimatccl clock rate 7~1 also rclnovcd part of t}]c linearly

varying component of the troposphere. The largest single rcductioll  in rms, a factor

of 3.6, occurred when 7CI al]d 72 were estimated for tllc full data set, in spite of a

VI ,111 /WVI{. angular offset for numerous scans. ‘1’his is bccausc  ]nany  low elevation

angle stalls (O < 20°) introduced large tropospheric cff”ccts for this data set. When only

tllc 30 scans with c~point,cd  VIJII1 and WVlt data were included, tllc reduction in rms

residuals was a factor of 2.2--2.6. A significant fraction of the rms delay residual of

16.9 ps for t})c co-pointing data can bc accounted for by the 10.3 ps thermal noise in the

V],]]] group clclay  data type and x 2.4 ps from WVR pointing error.

Another possible error source for VIllI/WVR comparisons is d7y delay  fluctuations,

duc to temperature fluctuations in the components of dry air, w}lich dominate

astronomical “seeing” at optical wavelengths. 1 lowevcr,  mcasurcmcnts  of the outer scale

of tUtbUlcllcc  in tcmpcraturc  fluctuations [}~rwat  u7zd )1c7-t2n,  ] 984; ~ouhna?l  ct a~., 1988]

suggest t}lat dry fluctuations will saturate for time scales ]argcr than a fcw seconds

durillg stable atmos~hcric  conditions (e.g. at night) and for time scales larger than a few

lmnc]rcd seconds during  latge scale daytime convection. Dry fluctuations may thcrcforc

explain part, of the VI,B1 -- WVlt discrepancy within scan 93, but arc probably not an

important component of the uncalibrated scan- t,~scan  residuals shown in Table 2.
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Figure 1. Site-diffcrcncccl, line-of-siglkt (1,0S) dc]ay rmidua]s  for two long scans. IIotll the

V])] 11 ald WV1t delays arc residuals with res]mct to linear fits (see text).

Figur-c 2. Allan standard dcviatioll  a, (At) of VI,] II, WV]{ and VI,l II- WVIt delay resiclua]s

fo]- scan 93. ‘J’l)c  solid line is an estimate of the a, (At) introduced bccausc  tlw VI,IH and WVR

antcnnCm sampled different tropos})heric volumes.

Figure 3. Site- diffcrcnccd zenith  delay residuals for scan-averaged VI,IH and WVlt  data. Note

the diffcrcnc.c in time scale compared to Figure 1. ‘J’hc top plot shows all 80 valid scans while

the bottom plot shows only those 30 scans where the VIM and WVR  were co-pointing.



‘J’able 1. lLMS (ps) of the delay variations of l’i~ure 1. Also shown arc the I{h4S of the

dif

of

---

:rc]lccd  time series A (t.),  tile tro])os])hcric volulnc saml)ling error  at,ea,,,,  and A“, the lth4S

hc diffcrcnccd  time series after subtracting ut,ea,,, in quadrature.

Scan VJJ31 (t) wvR(t) A(t) cT&~,,, A*
-.

20 3.54 6.04 5.08 1.0 5.0

93 13.7 13.9 7.56 4,8 5.8
——

‘J}ible  2. ltMS  of the post-fit delay residuals after parameter estimation (ps).

l?stit  natcc]

])aralnctcrs No WVIL Wwl No WVlt Wvlt
.—

TCI, 7;1, ~z 106 52.0 43.8 16.9

TCI,  7; I 139 85.4 47.5 22.0

7CI, 72 193 53.2 102 38.7

7cl 220 92.3 102 38.7
-.. —.
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